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Foot process fusion and glomerular filtration rate in minimal
change nephrotic syndrome
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Foot process fusion and glomerular filtration rate in minimal change
nephrotic syndrome. Reduced glomerular filtration rate (GFR), not due
to hypovolemia, has been reported in patients in the proteinuric phase
of the minimal change nephrotic syndrome (MCNS). A group of
children with MCNS was studied to investigate the possible relationship
between the fusion of glomerular epithelial foot processes and the
reduction in GFR. The degree of foot process fusion was estimated as
the harmonic true mean of foot process width and the length density of
epithelial slit pores as determined by quantitative electron microscopic
stereology. In the patients investigated GFR ranged between 40 and 127
ml/min/1.73 m2 body surface area, the filtration fraction between 6.9
and 22.5%, and the serum albumin concentration between 14 and 46 g/
liter. The mean foot process width, which varied between 330 and 870
nm, showed a close correlation with GFR (r =
—0.859) and the filtration
fraction (r =
—0.812), as well as with the serum albumin concentration(r =
—0.756). As expected, a reduction of epithelial slit pore length
occurred concomitant with the broadening of the foot processes. These
results agree with the hypothesis that the reduction in the total length of
glomerular epithelial slit pores, due to the fusion of foot processes,
results in a reduced glomerular capillary permeability to water and
small solutes.
Fusion des pédicelles et debit de filtration glomérulaire au cours du
syndrome nephrotique a lesions glomerulaires minimes. Une diminution
du debit de filtration glomérulaire (GFR), non dUe a une hypovolCmie, a
été rapportée chez des malades a Ia phase protéinurique du syndrome
nephrotique a lesions minimes (MCNS). Un groupe d'enfants atteints
de MCNS a été étudié pour rechercher une relation possible entre Ia
fusion des pCdicelles épithéliaux glomerulaires et Ia reduction de GFR.
Le degre de fusion des pédicelles a été estimé par Ia moyenne
harmonique vraie de l'épaisseur des pedicelles et de Ia longueur de
densité des pores épithéliaux déterminée par stereologie en microscopie
electronique quantitative. Chez les malades étudiés, GFR etait com-
prise entre 40 et 127 ml/min/l ,73 m de surface corporelle, Ia fraction de
filtration entre 6,9 et 22,5%, et La concentration d'albumine sérique
entre 14 et 46 g/litre. L'épaisseur moyenne des pedicelles qui variait
entre 330 et 870 nm, présentait une correlation étroite avec GFR (r =
—0,859) et avec Ia fraction de filtration (r = —0,812), comme avec Ia
concentration d'albumine sérique (r =
—0,756). Comme prevu, une
diminution de Ia longueur des pores épithéliaux apparaissait de facon
concomitante avec l'elargissement des pédicelles. Ces résultats sont en
concordance avec l'hypothCse qu'une reduction de Ia longueur totale
des pores épilthéliaux glomérulaires, en raison d'une fusion des pédi-
celles, entraIne une diminution de Ia perméabilité capillaire glomeru-
laire a l'eau et aux petits solutés.
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Renal function in the minimal change nephrotic syndrome
(MCNS) in childhood has been considered to be within normal
limits [11. There are, however, studies that report reduced
glomerular filtration rate (GFR) in nephrotic patients, attributed
to hypovolemia [2, 3]. But in a recent study [4] reduced GFR
was found in the proteinuric phase of the nephrotic syndrome
despite normal effective renal plasma flow (ERPF). Thus,
hypovolemia could not be the main cause of the decreased
GFR. Instead, reduced glomerular permeability (hydraulic con-
ductivity) or reduced filtering surface area was suggested. The
mechanisms responsible for the permeability characteristics of
the glomerular filter are not completely understood. Since the
only systematically demonstrable structural abnormality in
MCNS is a broadening, a so-called fusion of the epithelial foot
processes [51, we found it important to investigate the possible
relationship between GFR and the fusion of foot processes. A
quantitative electron microscopic stereological method was
used to determine the degree of foot process fusion.
Methods
Patients. Fourteen children, nine boys and five girls, 2 to 14
years of age, with MCNS were studied. All patients had a
clinical history of edema, heavy proteinuria (greater than 40
mg/rn2 body surface arealhr) and hypoalburninemia (less than 25
glliter). Renal biopsy specimens showed no, or minimal, mesan-
gial changes by light microscopy and no, or scanty, deposits of
IgG and/or 1gM by immunofluorescence microscopy. In 12
patients the renal biopsy specimens were performed close in
time to renal function tests; the mean time interval was 2.9 [1—6]
days. In the remaining two patients the time interval between
the two investigations was longer. All children and their parents
gave their informed consent to the investigations. The study
was approved by the Ethical Committee of the Karolinska
Institute, Huddinge, Sweden.
Renal function tests. Renal function was evaluated by GFR
and ERPF measured as clearances of inulin and PAH, respec-
tively. A standard clearance technique was used, including a
continuous infusion of inulin (Inutest, 25%, Laevosan-Gesell-
schaft, Linz, Austria), 1.4 mg/kg of body weight/mm, and PAH
(arninohippurate sodium, 20%, MSD), 0.2 mg/kg of body
weight/mm, after a prime dose of inulin 60 mg/kg of body
weight, and PAH 9 mg/kg of body weight. After an equilibration
time of 1 hr, four to six urine collection periods followed. A
blood sample was drawn midway during each collection period.
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Urine samples were collected either by bladder catheterization
during volume expansion or by spontaneous voiding during
water diuresis. A double-lumen bladder catheter (Argyle replo-
gle tube, catalogue no. MAR 2565, size 10 FR, length 24) was
used and connected to a vacuum pump. Volume expansion was
induced with an isotonic saline infusion, 0.22 mllkg of body
weight/mm for 90 mm. Water diuresis was induced by oral
ingestion of water, 20 ml/kg of body weight during hr 1, and
then 5 mllkg of body weight every 30 mm, Urine and blood
samples were analyzed for inulin by the anthrone method [6]
and for PAll by a modified Smith technique [71. Clearances of
inulin and PAH were calculated as the means of clearances
from the four to six collection periods. Filtration fraction (FF)
was calculated as the quotient between the clearances of inulin
and PAH. The body surface area (BSA) was calculated accord-
ing to Haycock, Schwartz, and Wisotsky [8] from the height
and weight of the patient when not edematous. All patients
were observed by daily blood samples for determination of the
serum albumin concentration, which was analyzed by a bromo-
cresol green method.
Electron microscopy. Percutaneous renal biopsies were per-
formed with a needle (Tru-cut, Travenol Labs. Inc., Morton
Grove, Illinois) under general anesthesia. Small pieces of renal
cortex were cut from the renal biopsy tissue with a razor blade
and immediately fixed in 3% glutaraldehyde in a 0.10 M Soren-
sen's phosphate buffer (pH 7.2) containing 0.10 M sucrose. The
tissue samples were postfixed in osmium tetroxide, dehydrated
in alcohol, and embedded in Epon. Sections, 1-tim thick, were
cut until one glomerulus in each of two different blocks was
found. After trimming the specimen, thin sections were cut and
stained with uranyl acetate and lead citrate. Five to ten micro-
graphs were recorded systematically from each glomerulus,
using an electron microscope (Jeol 100 C). The electron optical
magnification was 5000x and the negatives were enlarged 3.6x.
The degree of foot process fusion was estimated by measuring
the mean foot process width by the method of Gundersen,
Seefeldt, and Østerby [9]. Between 129 and 406 individual
apparent foot process widths were measured in each biopsy
specimen and the harmonic true mean of foot process width
(Wh) was the parameter used for correlation with GFR, FF, and
serum albumin concentration. It was calculated as Wh =
813i," W'h where W'h is the harmonic mean of apparent foot
process width. Using the same electron micrographs, the num-
ber of glomerular epithelial slit pores per micrograph (NA) were
counted and the length density (Lv, m2) of glomerular
epithelial slit pores was calculated using the formula L =
2 NA [10].
Statistical methods. The correlation coefficients (r) were
calculated and the significance of correlations was evaluated
with Student's t test.
Results
As shown in Table 1 the GFRs of the 12 patients investigated
close in time to renal biopsy ranged between 40 and 127
ml/min/1.73 m2 BSA, and the filtration fractions between 6.9
and 22.5%. The serum albumin concentrations on the day of the
renal biopsy in the 14 patients were 14 to 46 g/liter, The renal
plasma flow was normal in most of the patients. Eight patients
had heavy proteinuria and low serum albumin concentrations.
Table 1. Renal functional parameters and glomerular foot process
widths in 14 patients with minimal change nephrotic syndrome
Patient
no.
GFR
mI/mm
ERPF
/1.73 m2
FF
%
5-AIb
glliter
Wh
nm
Stage
of
disease
1 82 727 11.0 27 575 HP
2 112 740 15.3 31 460 HP
3 66 453 14.6 23 646 HP
4 47 649 6.9 19 870 HP
5 89 499 17.8 17 493 HP
6 113 616 18.4 22 590 HP
7 40 344 11.5 14 797 HP
8 89 565 15.8 17 567 HP
9 121 586 21.9 33 518 JR
10 35 330 IR
11 109 675 16.4 28 478 IR
12 102 456 22.5 46 374 R
13 127 670 18.9 41 405 R
14 40 434 R
Reference
va1ues 114±11 609±66 18.9±3.0 38to55
Abbreviations: ERPF, effective renal plasma flow; FF, filtration
fraction; 5-AIb, serum albumin concentrations; Wh, foot process
widths; HP, heavy proteinuria; IR, incomplete remission; R, remission.
The values are mean SD [41.
Three patients were in incomplete remission, without protein-
uria but with serum albumin concentrations below the normal
range. The remaining three patients were in complete remis-
sion, without proteinuria and with serum albumin concentra-
tions within the normal range.
In the electron micrographs, glomerular capillary basement
membranes appeared to have a normal structure. No thickening
or splitting of the basement membrane was seen and no electron
dense deposits were found in the capillary walls or mesangial
areas of the glomeruli investigated. Different degrees of foot
process fusion were evident (Fig 1). The harmonic true mean of
foot process width ranged from near normal values, 330 nm
(compare Gundersen, Seefeldt, and Østerby [9]), to 870 nm.
The relationship between GFR and mean foot process width
(Wh) in the 12 patients with brief time intervals between renal
biopsy and renal function tests is illustrated in Figure 2. A
strong inverse correlation (r =
—0.859, P < 0.001) was found.
An inverse correlation (r =
—0.812, P < 0.01) was also found
between FF and the foot process width. Furthermore, a statisti-
cally significant inverse correlation (r = —0.756, P < 0.01) was
found between the serum albumin concentration on the day of
the renal biopsy and the foot process width (Fig. 3). Data on all
14 patients are included in this figure. Figure 4 shows the
correlation between foot process width (Wh) and length density
(Lv) of epithelial slit pores.
Discussion
The disappearance of the highly ordered arrangement of
slender interdigitating epithelial foot processes on the outer
aspect of the glomerular basement membrane is a lesion com-
mon to various proteinuric states. The mechanism underlying
the foot process fusion has been widely studied, both in human
renal biopsy specimens and experimental models. Negative
charges at different locations in the glomerular filter have been
shown to be of importance, both for the shape of the foot
processes and the glomerular permeability to proteins [11—131.
" (--
- W(\\
'I': :t
U
-
-i 1¼ ...---*a -
'-1
1. -1 U
I—-I P -
• •.," - -
:1' .-;'-:.J
7,. --
'S
4..' -,-- .--.
- •---''••t•t-; -
- :*'t" • - -. -
- q', .
- '.--r r'
•'•- -:t't - 4
/ t- •--:
. /
---. ,IJ--'4J
' ':.
:
L! /(. -
A; ..4
-, -rn -
I
S
B
F: '- ' *.'. C)
* ,:.
FP/ - 'i
P
C
41 - r -
- C -
4
-.4
w
•tt
p..
-'S
698 Bohman et al
Fig. 1. Electron micrographs illustrating different degrees of glomerular epit helial foot process fusion. In (A) foot processes (FP) are of near normal
width (Wh = 330nm) and slit pores (arrows) are numerous. Figure lB shows a moderate degree of foot process fusion (Wh = 493 nm) while (C) illus-
trates an area with more pronounced foot process fusion with few slit pores (Wh = 575 nm). The basement membrane (BM) shows no apparent al-
terations in any of the biopsy specimens. All sections of Figure 1 are shown at the magnification used for the morphometric study. (x 18000)
500 700 900
Wh, nm
Fig. 3. Relationship between serum albumin concentration (S-AIb) and
degree offoot process fusion. Wh represents the harmonic true mean of
foot process width.
Blocking of the negative surface charges on the epithelial cells
results in a rapid fusion of foot processes [11], and in both
human and experimental proteinuric states a loss of surface
anions has been detected histochemically [14, 15]. Neverthe-
less, the precise relationship between the foot process fusion
0.1 0.3 0.5 0.7
Lv, j.tm2
Fig. 4. Relationship between the degree of foot process fusion and
epithelial slit pore length. Wh represents the harmonic true mean of foot
process width. L represents length density of glomerular epithelial slit
pores.
and the proteinuria has not been clarified fully [11]. Further-
more, the possible effect of this ultrastructural alteration on the
GFR is not clear. To our knowledge, little attention has been
focused on this subject, but it appears to be a common
assumption that the foot process fusion in MCNS is of little
significance for GFR [16]. In a recent study, however, reduced
GFR was demonstrated in children in the proteinuric phase of
the minimal change nephrotic syndrome [4]. Since the ERPF
was normal, hypovolemia could not be the main cause for the
reduced GFR. Furthermore the finding of the lowest FFs in
patients with the lowest GFRs [4] (Table 1) also serve to
contradict hypovolemia as a major cause for the fall in GFR.
Instead, the latter seems to be caused by a reduced filtration
coefficient, Kf (hydraulic conductivity or filtering surface area)
[4], which agrees with experimental data obtained in puromycin
aminonucleoside nephrosis in the rat, where a considerable
reduction in GFR occurs and has been shown to be due to a
decrease in Kf [17]. The present demonstration of a close
correlation between the degree of foot process fusion and both
GFR and FF suggests that fusion of foot processes does lead to
a reduction in the glomerular permeability to water and small
solutes. This supports the hypothesis that the glomerular slit
pores (diaphragms) are of major importance for the hydraulic
conductivity of the glomerular capillary wall [18] and suggests
that Kf is reduced in MCNS due to the decrease in total
epithelial slit length, which is an inevitable result of the fusion
of the foot processes (Fig. 4).
A significant correlation was also found between the serum
albumin concentration and the degree of foot process fusion.
Such a relationship has not previously been demonstrated
directly. In an unselected series of primary glomerulopathies, a
weak correlation was found between the degree of foot process
fusion and daily urinary protein excretion [19]. However, a
strong correlation was found in a more homogeneous group of
patients with the minimal change nephrotic syndrome [20]. The
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Fig. 2. Relationship between GFR and degree of foot process fusion.
Wh represents the harmonic true mean of foot process width.
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latter study correlated the foot process fusion with the daily
urinary protein excretion 1 to 3 days prior to renal biopsy and,
in contrast to our study, excluded patients in incomplete
remission in which proteinuria has ceased but serum albumin is
still low and foot process fusion remains. Since reliable 24-hr
urinary collections are difficult to obtain in children, the daily
protein excretion may be an unreliable estimate of proteinuria
in childhood. The fractional albumin excretion would be a more
reliable estimate of the proteinuria, but since we wanted to
include patients in complete and incomplete remission in this
study, we chose the serum albumin concentration as the
parameter to correlate to the degree of ultrastructural changes.
The present results add a new aspect to the current concept
of the pathophysiology of the idiopathic nephrotic syndrome.
Somewhat simplified, the latter condition involves either a
decreased metabolic production of anionic sugar residues in the
glomerular epithelial cells or a blocking of extracellularly ex-
posed anionic charges by some circulating factor. This may lead
to a net decrease in anionic sites both in the glomerular
basement membrane [21] and on the epithelial cell surface [14,
15]. In the former location, it decreases the charge discrimina-
tion of the glomerular filter with ensuing proteinuria [22, 23]
and, in the latter location, it causes foot process fusion [11],
which, according to our findings, leads to a decrease in hydrau-
lic conductivity and reduced GFR.
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